Oil and gas pipelines are generally magnetically anisotropic, with a magnetic easy axis in the pipe axial direction. This is of interest because magnetic flux leakage tools are commonly used for the detection and sizing of defects. In the present study we investigate the origin of this magnetic easy axis, using an angular magnetic Barkhausen noise technique to characterize the magnetic anisotropy. The texture, microstructure, and residual stress are examined as possible causes of the easy axis, using x-ray pole figure analysis and microstructural examination along with high and low temperature annealing treatments. Our results indicate that plastic deformation and residual stress are responsible for the magnetic easy axis, since an elimination of the residual stresses through low temperature ''stress relief'' heat treatment produces a magnetically isotropic structure without altering the texture or microstructure. X-ray pole figure analysis supports the conclusion that magnetic anisotropy is not related to texture in these materials. We conclude that the axial magnetic easy axis is due to a compressive residual hoop stress resulting from the cold bending and cold expansion of the pipe during processing.
I. INTRODUCTION
Although generally overlooked, the magnetic properties of oil and gas pipelines are an important consideration since the most commonly used methods for detecting defects in these pipes are based on the magnetic flux leakage ͑MFL͒ technique. In a typical MFL detector the pipe wall is axially magnetized to near-saturation flux density, with any defects forcing the flux to ''leak'' into the air where it is detected using Hall probe sensors. Self-contained MFL inspection tools housing circumferential arrays of MFL detectors are propelled through operating pipelines by the gas flow, often traveling hundreds of kilometers between launch and retrieval.
The MFL signal is a function of metal loss and is used to estimate the defect depth. Unfortunately MFL is also strongly dependent on a number of other parameters, namely, tool characteristics, tool speed, pipe wall magnetic properties and pipe wall stresses. The first two can be accounted for using calibration techniques, however the latter parameters, pipe wall magnetic properties and stress, are interrelated and more problematic. Economic considerations have driven the need to improve the accuracy of defect depth prediction, therefore more attention has focused on the influence of pipe wall magnetic properties and stress on the MFL signal.
Magnetic behavior is often anisotropic in ferromagnetic materials. In individual iron crystals or grains, for example, domain magnetization vectors tend to lie along ͗100͘ directions; this is termed the ''easy magnetization direction'' or ''magnetic easy axis.'' 1 Polycrystalline materials may also exhibit a ''bulk'' magnetic easy axis-this is most commonly associated with a strong ͗100͘ crystallographic texture such as that found in electrical steels. 1 In addition, recent work 2, 3 has indicated that an applied elastic stress can create a significant bulk magnetic easy axis in steel components.
While magnetic anisotropy is important, it is notoriously difficult to measure, particularly nondestructively. In view of this, we have developed a technique based on the detection of magnetic Barkhausen noise ͑MBN͒ to determine the bulk magnetic easy axis in steel plate and pipe. 2, 3 MBN is associated with small, abrupt changes in magnetization of a ferromagnetic material under the influence of a time-varying magnetic excitation field. These magnetization jumps result from discontinuous motion of domain walls as they move from one pinning site to the next, and are of sufficiently high amplitude to induce voltage spikes in a pickup coil placed on or around the sample being magnetized. The term MBN refers to this voltage signal. MBN has been shown to be sensitive to a number of microstructural parameters, 1 including grain size, carbon content, pearlite spacing, and residual stress. In the present study bulk magnetic easy axis measurements were conducted using an ''angular dependent'' MBN technique in which the MBN signal was measured as a function of the angle of the applied magnetic sweep field to a reference direction. This angular dependent MBN technique has been used successfully to determine the relative magnitude and direction of the magnetic easy axis in 3% Si-Fe steel laminates 4 and in pipeline steels.
2,3
The work on pipeline steels 2, 3 has shown that a bulk, axially oriented magnetic easy axis is common in unstressed ͑1͒ a ͗100͘ crystallographic texture, as in Si-Fe electrical steels; ͑2͒ microstructural influences ͑e.g., the ferrite/pearlite distribution, grain morphology, inclusion size, and distribution͒; ͑3͒ plastic deformation and the resulting residual stress in the pipe wall.
The present study examines the relative significance of these three parameters in determining the bulk magnetic anisotropy in pipeline steel.
II. THEORY: USE OF ANGULAR DEPENDENT MBN TO MONITOR MAGNETIC ANISOTROPY
As mentioned above, the bulk magnetic anisotropy can be effectively characterized using a technique termed angular dependent MBN. Measurements are performed at a single sample location by rotating the excitation field magnet in 10°i ncrements from one measurement to the next. At each angular excitation field position, the measured MBN voltage spectrum is analyzed by integrating the time dependence of the voltage squared signal to arrive at a parameter termed the ''MBN energy .'' 3 The angle vs MBN energy result can be described by
where is the angle of the applied magnetic field with respect to the reference ͑rolling or axial͒ direction. ␣ is associated with the angular dependent variation of the MBN signal, ␤ with the angular independent signal ͑isotropic background͒, and is the direction of the magnetic easy axis with respect to the reference direction. The maximum of the angular dependent MBN measurements corresponds to the bulk magnetic easy axis direction ͑͒ of the sample.
Of particular interest to the pipeline monitoring industry is the effect of stress on magnetic easy axis behavior, and the angular dependent MBN technique has proven to be a useful tool in examining this relationship. Figure 1 shows an angular MBN energy plot in polar form, typical of results obtained on pipeline steels subjected to hoop stress. The solid lines here and in subsequent polar MBN energy diagrams represent the fit of Eq. ͑1͒ to the data. As seen here, an applied hoop tensile stress creates a strong hoop magnetic easy axis. Investigations using plate samples have yielded similar results. Conversely, other studies 5 have shown that an applied compressive stress decreases the MBN energy in the compression direction, thus creating a magnetic easy axis perpendicular to the applied stress. The stress dependence of the MBNmonitored magnetic easy axis has been attributed to the changes in the domain wall configuration in response to an applied stress, as described below. 3 Steel has a positive magnetostriction coefficient, i.e., it is energetically favorable for domain magnetization vectors to lie along the ͗100͘ direction that is closest to an applied tensile stress direction. Therefore in response to an applied stress, the domains within individual grains must reorient themselves to minimize their energy. Two possible mechanisms have been proposed to explain the response of the domain pattern to an applied stress in single crystals and are based on the energy changes associated with the relative volume of 180°and 90°domains. The first involves a reorientation of 180°domains into the ͗100͘ direction that is closest to the stress direction. This reorientation results from the strain energy (E ) contributed to a domain by stress applied at an angle ⌰ to the domain magnetization vector,
͑2͒
for a crystal of height a, width b, thickness T, and having n number of 180°domain walls. 100 is the magnetostrictive saturation strain along ͗100͘ type directions. It is apparent from Eq. ͑2͒ that the energy is minimized when ⌰ϭ0°, i.e., when the 180°walls reorient themselves to align with the stress direction. Such a reorientation has been observed in laminate materials. 6 The second mechanism involves an increase in the 180°d omain wall population for domains that lie in or close to the stress direction. Adding a 180°domain wall serves to decrease the overall volume of 90°domains ͑whose magnetization vectors lie at 90°to the stress direction͒. The energy change associated with adding an extra domain wall ͑i.e., going from n˜nϩ1͒ is determined to be
where ␥ 180 is the energy/area of the 180°domain wall and ␦ is the thickness of the 180°domain walls. The first term is the angular dependent energy ͓essentially Eq. ͑2͒ above͔, the second is due to an increase in wall area, and the third term is the stress-induced increase in 180°wall energy. Using Eq. ͑3͒ it is possible to calculate the ''critical level'' of applied stress for which the addition of another domain becomes favorable. For a ''typical'' pipeline grain size of 20 mϫ20 mϫ20 m, a transition nϭ2˜3 is favored at 32 MPa, nϭ5˜6 at 190 MPa, and nϭ6˜7 at 290 MPa. The sample exhibits an axial magnetic easy axis in the unstressed state ͑typical of steel pipeline material͒, however a tensile hoop stress of 300 MPa in the pipe wall creates an easy axis in the hoop direction.
All of these stress levels are common in pipelines, in which operating pressures impose wall hoop stresses up to 350 MPa. A combination of the two mechanisms described above implies that a tensile stress will create more domain walls in the stress direction and a compressive stress fewer walls in the stress direction. Since MBN is associated with the pinning of these domain walls as they move during magnetization, the MBN signal therefore is predicted to increase in the direction of tensile stress and decrease in the direction of compressive stress. It should be noted, however, that this theory was developed for single crystals and equilibrium conditions, but Sablik and Augustyniak 7 have drawn similar conclusions for polycrystalline materials.
III. EXPERIMENTAL TECHNIQUE

A. Samples
An initial magnetic easy axis survey was conducted on a total of four pipeline and four steel plate samples. The pipeline samples, obtained from pipeline operating companies, were API X70 axially welded pipes with diameters ranging from 610 to 1219 mm ͑24-48 in.͒ and wall thicknesses from 9 to 25 mm. Samples were taken from regions far from the weld to avoid anomalous stresses in and around the weld heat affected zone. The composition was typical of controlled rolled, microalloyed steel; all were relatively low carbon ͑0.5-010 wt %͒, low sulfur ͑Ͻ0.004 wt %͒ steels with microalloying concentrations ͑0.015-0.06 wt %͒ of Nb, Ti, and V. The plate steel samples, obtained from a local supplier, were all hot-rolled mild steel ͑composed of 0.1%-0.2% C͒ varying in thickness from 3 to 5 mm. Both the plate and the pipe sample sizes were ϳ100 mmϫ100 mm.
Preparation for microstructural examination involved standard grinding and polishing procedures followed by Nital etching. Following the initial study of all samples, a single pipeline sample ͑termed pipe 1͒ was selected for subsequent heat treatment and texture studies. This pipe 1 sample, which exhibited a particularly strong magnetic easy axis, was obtained from the Gas Research Institute's 610 mm ͑24 in.͒ diam experimental gas flow loop pipeline in Columbus, Ohio.
B. Magnetic Barkhausen noise measurements
A schematic illustration of the apparatus used for the MBN measurements is shown in Fig. 2 . The MBN signal is excited using a sweep field magnet made of a ferrite U core wound with ϳ800 turns of fine wire. The excitation is provided by a 12 Hz sine wave signal produced by a wave form generator and a bipolar power supply. The core assembly also includes a coil detector situated between the magnet pole pieces. The signal detected is preamplified, filtered using a 3-200 kHz bandpass filter, and then fed into an RC Electronics computerscope.
Finally, due to skin depth considerations, MBN is primarily a surface technique, with the detected MBN signal originating from depths less than ϳ0.2 mm below the surface. An earlier study 8 examined the effects of surface grinding with SiC papers on MBN and found no change in the MBN signals for grit sizes smaller than 600 grade SiC. For this reason all sample surfaces were carefully ground to a 600 SiC grit finish prior to MBN measurement.
C. X-ray diffraction texture measurements
The pipe 1 sample texture was determined using x-ray diffraction pole figures. Four surfaces through the thickness ͑all parallel to the pipe surface͒ were cut and polished for this purpose-the outside surface, the inside surface, and surfaces at depths of 3.5 and 6 mm below the outside surface. In order to determine the fraction of grains having ͑100͒ poles in the axial, circumferential, and radial directions, ͑110͒, ͑200͒, and ͑112͒ pole figures were obtained at each depth and the information was used to perform a ͑100͒ orientation distribution function analysis.
D. Heat treatments
Samples were subjected to two different types of heat treatments.
High temperature heat treatments: These heat treatments involved annealing at 1000°C for 1 h, followed by either air cooling or water quenching. This annealing temperature was sufficient to cause a phase transformation to the high temperature austenite phase.
Low temperature heat treatments: In this case annealing temperatures of between 400 and 500°C were used with annealing times ranging from 0.5 to 20 h. This type of low temperature anneal is associated with ''recovery'' in steels [9] [10] [11] where the temperature is too low to recrystallize the microstructure or induce phase transformations, but is sufficient to reduce the strain energy in the crystal lattice through thermally activated dislocation movement.
IV. RESULTS AND DISCUSSION
A. Survey of magnetic easy axis and microstructure in pipe and plate samples Angular MBN measurements were made on four pipe and four plate samples. Figure 3 illustrates results from typical pipe ͓Fig. 3͑a͔͒ and plate ͓Fig. 3͑b͔͒ samples exhibiting strong and weak magnetic easy axes, respectively. In order to quantitatively characterize the samples a ''MBN energy ratio'' parameter was adopted. This is given by , where ϭ0°corresponds to the rolling direction in the plate or the axial direction in the pipe. This ratio is of particular relevance to the pipeline industry where the applied stresses are either in the hoop or axial direction. The MBN energy ratio results for all samples are summarized in Table I . Table I shows that the pipeline samples display an axial magnetic easy axis with moderate to high MBN energy ratios, while the plate samples were essentially magnetically isotropic with ratios near or slightly less than one. The microstructures of all samples were examined using standard optical microscopy, with typical examples shown in Figs. 4͑a͒ and 4͑b͒. All pipeline samples exhibited the banded ferrite/pearlite microstructure typical of controlled rolled, microalloyed steels ͓Fig. 4͑a͔͒ with grain sizes ranging from 2 to 15 m. The hot-rolled mild steels also displayed a ferrite/pearlite microstructure but with a larger grain size ͑25-70 m͒ and little or no pearlite banding ͓Fig. 4͑b͔͒.
This initial sample survey clearly associates a magnetic easy axis with the pipeline samples but not with the plate samples. Further investigations of magnetic easy axis dependence on texture and heat treatment were conducted on the pipe 1 sample, which had the most pronounced magnetic easy axis.
B. X-ray diffraction texture measurements
Since a ͗100͘ texture is primarily responsible for the magnetic easy axis in electrical steels, one might expect a similar texture in the magnetically anisotropic pipeline samples. In order to establish if this were the case, a ͑100͒ orientation function analysis ͑ODF͒ was performed on the ͑110͒, ͑200͒, and ͑112͒ x-ray diffraction pole figures for each the four surfaces through the pipe 1 sample. The results are summarized in Table II as the percentage of poles that are ͗100͘ in the hoop and axial directions. The axial and hoop results are small ͑between 8% and 14%͒ and similar, suggesting little or no ͗100͘ texture in this material, although there is a slightly higher fraction of axially aligned, ͗100͘ poles at the outside surfaces of the pipe compared to the center. Also included in Table II the hoop result for each surface. Angular MBN measurements were also made on each of the four surfaces and the MBN energy ratios plotted as a function of this axial/hoop result ͑Fig. 5͒. No correlation is observed between the two parameters, confirming that a ͗100͘ crystallographic texture is not responsible for the strong magnetic easy axis in this sample.
C. Heat treatments
High temperature heat treatments
Two of the pipe 1 samples were heated to 1000°C, with one subsequently water quenched and the other allowed to cool in air. Figure 6 shows the angular MBN energy results for the two samples following these heat treatments ͓the result prior to heat treatment is shown in Fig. 3͑a͔͒ . The air-cooled sample exhibits isotropic MBN energy behavior with no apparent easy axis; this is as expected since the high temperature annealing process removes all traces of the original pipe 1 microstructure. This was confirmed by microstructural examination, which showed that the banded ferrite/pearlite structure shown in Fig. 4͑a͒ had been replaced by a larger grained ͑ϳ50 m͒ ferrite/pearlite structure with the pearlite randomly distributed.
The annealingϩwater quenching heat treatment was sufficient to produce a martensitic microstructure in the pipe 1 sample. In contrast to the air-cooled sample, the quenched sample displayed a significant magnetic easy axis ͑Fig. 6͒, this time in the hoop direction ͓compared with unannealed sample, which has an axial magnetic easy axis, Fig. 3͑a͔͒ . This result was particularly interesting, since this sample had the same high-temperature precursor as the air-cooled sample and would therefore be expected to contain randomly oriented martensite.
Low temperature heat treatments
A number of the pipe 1 samples were subjected to low temperature ''recovery'' annealing treatments ͑400-500°C͒, followed by air cooling. Important to note is that optical microscopy indicated no change in the ferrite/pearlite microstructure as a result of these heat treatments. Annealing at 425 and 450°C for up to 20 h produced only minor changes in the magnetic anisotropy; however the 475 and 500°C anneals did induce a more significant effect. Figures 7͑a͒ and  7͑b͒ show selected MBN energy plots for these two annealing temperatures. In contrast to the lower temperature results, a 500°C anneal was sufficient to produce a magnetically isotropic sample after 1 h ͓Fig. 7͑b͔͒. The 475°C ͓Fig. 7͑a͔͒ annealed sample also exhibited a significant progression towards magnetic isotropy but at a lower rate than the 500°C sample; after 20 h it had lost about 50% of its original anisotropy as measured by the MBN energy ratio. Both Figs. 7͑a͒ and 7͑b͒ indicate that the decrease in the MBN energy ratio is predominantly associated with the increase in the MBN energy values in the hoop direction, with the MBN energy in the axial directly changing only slightly.
Although the number of data points was limited, the activation energy associated with the anisotropy decrease could be estimated from the low-temperature annealing results. This was done using an Arrhenius-type analysis similar to that used by Andeyami et al. 12 for recovery studies on ex- truded mild steel bar. From the angular MBN energy plots it was possible to estimate the ''time for a 50% reduction in anisotropy'' ͑͒ for each temperature, determined to be 18 min at 500°C, 20 h at 475°C, and 123 h at 425°C ͑the last obtained by extrapolation͒. The results for the sample annealed at 450°C were not treated quantitatively because of calibration problems after a MBN probe failure. Assuming that the process driving the anisotropy decrease follows an Arrhenius-type relationship,
then a plot of ln vs 1/T(K Ϫ1 ), shown in Fig. 8 , yields a line with a slope,
where R is the gas constant in cal/mole/K and Q is the activation energy in cal/mole. The activation energy estimated from the slope of the line in Fig. 8 is 100 kcal/mole.
V. GENERAL DISCUSSION
The results of this study clearly indicate that, unlike in electrical steels, the crystallographic texture is not responsible for the bulk magnetic easy axis found in pipeline steels. Furthermore, the low temperature annealing treatments produced significant anisotropy changes without any accompanying change in the optically observed microstructure. Rather, both the high-and low-temperature annealing studies lead us to the conclusion that the bulk magnetic easy axis is a result of strain induced during the cold-deformation stages of pipeline processing. This conclusion is justified below.
Steel plate is typically produced by hot rolling or, in the case of modern pipeline steels, controlled rolling. In both cases the rolling temperatures are sufficient to allow both recovery and recrystallization processes to occur in situ during deformation, with the result that the final plate contains an undeformed, relatively strain-free structure. 9 Lacking in internal strain, these hot-rolled plates exhibit little or no magnetic anisotropy, as evidenced in Table I . In contrast, further processing of plates into axially welded pipes involves a series of cold-deformation stages. Two stages are typically used to cold bend a plate into a pipe: using a cylindrical ''U-ing'' press the plate is formed into a U shape along its length; this is followed by an ''O-ing'' stage in which a long semicircular die is lowered onto the U-shaped piece to complete the formation of a circular cross section. Finally, after axial welding the pipe may be cold expanded either hydraulically or mechanically to increase its diameter by about 2%. Assuming these typical processing conditions for the pipe 1 sample, we estimate the tensile hoop strain to be ϳ4% at the outer wall surface where the MBN measurements were performed.
During cold working, approximately 10% of the work is stored as strain energy associated with deformation-induced lattice defects. 13 The majority of this stored energy is associated with dislocation generation and interaction, with the dislocation density increasing by a factor of 10 4 -10 6 cm Ϫ2 . During recovery annealing of steels, the temperatures are insufficient to initiate recrystallization or phase transitions, however, enough thermal energy is provided for dislocations to move to lower energy positions, thus reducing the overall strain energy of the lattice. Such a process is termed ''polygonization.'' Laue x-ray studies have confirmed that during polygonization the damaged lattice is replaced with very small strain-free crystalline regions or ''subgrains,'' each separated from its neighbors by low angle boundaries. A polygonized structure therefore consists of grains within which are a number of small, relatively perfect subgrains of slightly different orientations.
In our study the annealing temperatures for which magnetic anisotropy is significantly reduced ͑475-500°C͒ are consistent with other studies of recovery-induced phenomenon in steels. 9, 10 For example, the Andeyemi et al. 12 study, which involved extruded mild steel bars, found that stress relief was largely complete after 1 h at 500°C. The activation energies in the Andeyemi et al. paper were reported to be 32-80 kcal/mol, with the highest values associated with lowest initial deformation states. Our estimated activation energy of 100 kcal/mole is slightly higher than these results, however this is not inconsistent given that the maximum plastic strain at the pipe surface in our study is relatively low compared with that used by Andeyemi et al.
The analysis above enables us to conclude that the dislocation substructure and accompanying residual stresses induced during the cold-forming stages of pipeline processing are responsible for the pronounced magnetic easy axis in pipeline steels. The process of polygonization restores magnetic isotropy by replacing the damaged lattice with a relatively strain-free subgrain structure. The question that remains is why the cold-worked structure itself is magnetic anisotropic. We explain this by considering the macroscopic residual stress state of the outer wall. At the outer pipe wall both the bending and cold expansion processing induce a significant ͑ϳ4%͒ plastic tensile strain in the hoop direction. When the external load producing this strain is released, this outer wall region will adopt a state of residual elastic compression in the hoop direction. 13 This residual elastic compression acts the same as an applied compressive load in the hoop direction. According to the arguments presented in Sec. II, this decreases the MBN energy in the hoop direction by reducing the number of 180°domain walls lying in or close to that direction. During recovery heat treatment this residual compressive stress is relieved, creating a corresponding increase in the hoop MBN energy .
In addition to the increase in hoop MBN energy there also appears in most cases to be a very small, but not negligible, increase in the axial MBN energy , e.g., in Fig. 7 . In the colddeformed state the compressive hoop stress will induce a much smaller ͑about 5ϫ less͒ axial tensile stress due to the Poisson's ratio effect. Stress relief should therefore cause a small decrease rather than a small increase in the axial MBN energy . The small increase in the axial MBN energy results tends to suggest another, more minor contribution to the MBN energy change during recovery. This contribution may be associated with the effectiveness of the dislocation networks as domain wall pinning sites; as the tangled dislocation networks are replaced by a relatively strain-free subgrain structure, the domain walls can move further between pinning sites, leading to a slightly higher MBN energy . Finally, the above interpretation is also consistent with the results of the high-temperature annealing study where the temperature was high enough to transform the structure into the austenite phase. Figure 6 indicates that slow cooling produced the expected magnetically isotropic result; however quenching produced a martensitic structure with a strong axial magnetic easy axis. We believe that this easy axis results from significant residual stresses induced during the quenching process, in this case producing a residual tensile stress in the axial direction. Such stresses are common in quenched material.
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VI. SUMMARY AND CONCLUSIONS
An angular MBN technique has been used to evaluate the magnetic easy axis in plate and pipe samples. The results indicate that steel pipes exhibit considerable magnetic anisotropy whereas plate samples do not. Three possible explanations have been considered for the existence of a magnetic easy axis in pipes: texture, microstructure, and plastic deformation-induced residual stress. Experimental evidence obtained through texture determination, microstructural examination, and annealing treatments indicates that plastic deformation-induced residual stress is responsible for the magnetic anisotropy. It is concluded that the axial magnetic easy axis arises due to a residual hoop compressive stress that is created during the cold processing stages of pipeline manufacture.
